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:K\�ILHOG�4XDOLW\�LV�LPSRUWDQW"

• Influences the performance and cost of the machine
– At injection: Main dipoles - large number - impact performance, magnet aperture and

hence the machine cost.

– At storage: Insertion quadrupoles - small number - determine luminosity performance.

– Corrector magnets + associated system - ease of operation and overall machine cost.

– Tolerances in parts and manufacturing - translates in to cost.

$�SURSHU�XQGHUVWDQGLQJ�LV�LPSRUWDQW�IRU�UHGXFLQJ�FRVW�ZKLOH�DVVXULQJ�ILHOG�TXDOLW\�
1. Conventional Wisdom: Reduction in random errors is due to smaller variation in cable thickness

– NOT so. Will be shown based on the theoretical arguments & experimental data.

2. Conventional Wisdom: Need 1 mil (25 micron) tolerances at most places

–  Experimental Results and Analysis: NOT so. Such realization may reduce tolerance
specifications of certain parts - cost savings while maintaining a good field quality.

• A bonus from field quality (used extensively during RHIC magnet production)
– Field Quality as a tool to monitor production. Powerful, rapid feedback to manufacturer.
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6RXUFHV�RI�)LHOG�(UURUV

• Magnetic Measurements
– Both systematic and random. However, the advances in measurements

system means that they don’t limit the field quality performance.

• Magnetic Design
– Primarily systematic

• Magnet Construction (tooling, parts & manufacturing)
– Both systematic and random

$�JRRG�GHVLJQ�ZLOO�QRW�RQO\�SURGXFH�JRRG�ILHOG�TXDOLW\�PDJQHWV�RQ�SDSHU�EXW�ZRXOG
DOVR�DQWLFLSDWH�GHYLDWLRQV�LQ�SDUWV�GXULQJ�SURGXFWLRQ�DQG�EH�IOH[LEOH�HQRXJK�WR
DFFRPPRGDWH�WKHP�WR�SURGXFH�JRRG�ILHOG�TXDOLW\�PDJQHWV�GHVSLWH�WKRVH�HUURUV�
�Remember: The production can not stop just because a part is “a bit out of tolerance”.

%27720�/,1(�
([SHFW�D�PXFK�EHWWHU�ILHOG�TXDOLW\�QRZ�WKDQ�ZKDW�ZDV�H[SHFWHG�LQ�´66&�GD\Vµ�
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,PSDFW�RI�&DEOH�7KLFNQHVV�RQ�)LHOG�4XDOLW\

Right half

of the coil

Common perception:

Has major impact on field errors, in particular on the random harmonics.

Basic Analysis:

A thicker cable makes bigger coils, as measured outside the magnet
(though coil size can be controlled by adjusting curing pressure).
However, inside the magnet, the collars determine the coil geometry.

Cable thickness has a significant impact on the pre-stress on coils.

But to a first order, it does not have a major impact on field errors
for a reasonable deviations in insulated cable thickness (the pre-
stress variation will become a bigger issue before the harmonics).

Rapid variations in cable thickness are averaged out over a large
number of turns and over the length of magnet.
7KH�ORFDWLRQ�RI�PLGSODQH�KDV�D�PDMRU�LPSDFW�RQ�ILHOG�TXDOLW\�

7KRXJK�WKH�RYHUDOO�FDYLW\�LV�ZHOO�GHILQHG�E\�FROODUV��WKH�ORFDWLRQ

RI�FRLO�PLGSODQH�LV�QRW��,W�LV�GHWHUPLQHG�E\�WKH�UHODWLYH�VL]H�RI

XSSHU�DQG�ORZHU�FRLOV��If they are matched, the midplane will be OK.

Something other than the cable is more critical to harmonics.
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5HVXOWV�IURP�3UHVHQW�'D\�0DJQHWV��5HDO�0DJQHWV�
:KDW�KDV�D�PDMRU�LPSDFW�RQ�UDQGRP�ILHOG�HUURUV"

,V�LW�FDEOH�WKLFNQHVV�RU�VRPH�WKLQJ�HOVH"
Example 1:
Compare RHIC 80 mm and 100 mm aperture dipoles.
Both used same cable and similar designs.

Conventional Wisdom: Smaller random errors in 100 mm.

Reality: NOT so. Bigger in larger aperture dipoles. Why?

Results of investigations: The coils were matched
based on the size measured when made/cured. Coils
grew in time. Correlation found.

Note: NO computer calculations and direct
experimental correlation has shown that cable
thickness is the major cause of reduction in
random field errors in modern magnets.

It is just a common perception, NO proof!

How to disprove something that is not proved.

Scientific Method

Make a large amount of “bad cable” and make
many magnets (for statistics). Compare results
with similar magnets made with good cable.

,QWHUHVWLQJ��VFLHQWLILF�EXW�QRW�SUDFWLFDO�

Alternate Method:

Examine measurements. Find correlation.
Determine what has the pre-dominant effect.

Is it cable thickness or some thing else?
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5HVXOWV�IURP�3UHVHQW�'D\�0DJQHWV��5HDO�0DJQHWV�
:KDW�KDV�D�PDMRU�LPSDFW�RQ�UDQGRP�ILHOG�HUURUV"

,V�LW�FDEOH�WKLFNQHVV�RU�VRPH�WKLQJ�HOVH"
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Example 2:
During RHIC main dipole productions, the axial
variation of harmonic became relatively large.

NOTE: The small scale

Cable thickness didn’t change but the cured coil size
changed and harmonics changed due to small human
error which are always possible. 6WD\�9LJLODQW�

Theoretical argument and above observations indicate
that a careful control of coil manufacturing is critical
for  the reduction in RMS field errors.

$�6,'(�127(��7KH�SRZHU�RI�´+DUPRQLF
$QDO\VLVµ�LQ�PRQLWRULQJ�PDJQHW�SURGXFWLRQ�

An investigation, led by field error analysis,
found a change in coil size in a small section was
caused by a small dirt (a few mil) in curing press.

Curing press cleaned, problem solved.

NOTE: THE SCALE

The numbers are small.

Note a Beam Issue.
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&RQYHQWLRQDO�:LVGRP��,QFUHDVLQJ�$SHUWXUH�5HGXFHV�6WDQGDUG
'HYLDWLRQ�DW�����RI�WKH�&RLO�5DGLXV�

Comparison in the standard deviations of the normal 
harmonics in RHIC 80 mm and 130 mm aperture quads
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Surprise:
Note much difference

Comparison in the standard deviations of the skew 
harmonics in RHIC 80 mm and 130 mm aperture quads
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Surprise:
Note much difference

Warm Harmonic Measurements in 2 types (apertures) of RHIC Quadrupoles:

130 mm aperture IR Quads (40 mm reference radius)

80 mm aperture ARC Quads (25 mm reference radius) 

Normal Harmonics Skew Harmonics
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,QIOXHQFH�RI�PDJQHW�FRPSRQHQWV�RQ�ILHOG�HUURUV
�)URP��5��*XSWD��/+&�&ROOHFWLYH�(IIHFWV�:RUNVKRS�
0RQWUHX[��������3XEOLVKHG�LQ�3DUWLFOH�$FFHOHUDWRUV�
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)LHOG�4XDOLW\�LQ�66&�0DJQHWV
�/DE�EXLOW�SURWRW\SH�GLSROHV�

Expected and Measured Harmonics at 2 T in BNL-built and FNAL-built SSC 50 mm Aperture Dipoles 
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)LHOG�(UURUV�LQ�66&�GLSROHV
�+RZ�RII�ZH�ZHUH�IURP�UHDOLW\"
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:K\�ZHUH�ZH�VR�ZURQJ�LQ�HVWLPDWLQJ
ILHOG�HUURUV�LQ�66&�GLSROHV"

Popular Models

Ignore the source of error and displace various
conductor blocks at random by 25-50 micron
Assumption: it simulates the error in parts and
construction on field harmonics.

 Add the resultant field errors in an RMS way.

A More Realistic Model
The errors in parts do not necessarily translate to
the error in field harmonics. The effect of geometric
errors gets significantly reduced in magnets due to
averaging and symmetry considerations.

For example consider how a systematic or random
error in collar, wedge or cable works in a magnet.

How about the critical coil curing?

Error in collar here

Creates error at other

places by symmetry
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Movement in popular models: one red arrow
Symmetric model: 4 black arrows
Realistic model: some thing in between but closer to black arrows
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0HDVXUHG�&XUUHQW�'HSHQGHQFH
LQ�6H[WXSROH�LQ�66&�0DJQHWV

Near zero current dependence in sextupole in first
50 mm design itself  in BNL built long magnets.

Specifications was 0.8 unit.

Earlier magnets (40 mm) had a much larger value.

(Source: Iron saturation and Lorentz forces)

Measurement of b2 current dependence in group of SSC magnets
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0DMRU�SURJUHVV�LQ�UHGXFLQJ�WKH
VDWXUDWLRQ�LQGXFHG�KDUPRQLFV�

Cross section of SSC 50 mm Dipole

Yoke optimized for low saturationVarious SSC 40 and 50 mm dipoles

Non-magnetic key to force uniform saturation

Can also be used to adjust current dependence
during production (done in RHIC magnets).
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,QIOXHQFH�RI�/RUHQW]�)RUFHV

A typical Sextupole current dependence
due to Lorentz forces (schematic)

Current

Low force/friction
(practically no effect)

Radial motion

b2

Azimuthal motion

Coil makes contact to collar
(maximum radial motion)

A small radial gap inn some SSC prototype magnets
(75-100 micron, almost allowed by errors due to spec)
gave about 1 unit of negative sextupole. Such things

can be accommodated in a flexible design.

Note: The measured current dependence is a combination of
saturation induced harmonics and Lorentz force induced harmonics.
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)HHGEDFN�LQ�GHVLJQ�IURP�+(5$�H[SHULHQFH�
7KH�5HDO�0DJQHW�9V��3DSHU�'HVLJQ

• Parameters do deviate from nominal value.

• It takes time to locate the cause of the problem and then fix it (conventionally that included
a cross section iteration). Takes too long and the magnet production can not stop.

• $�JRRG�GHVLJQ�VWUDWHJ\�ZRXOG�DQWLFLSDWH�VXFK�GHYLDWLRQV�
��0DNH�D�IOH[LEOH�GHVLJQ�WKDW�DVVXUHV�JRRG�ILHOG�TXDOLW\�GHVSLWH�VXFK�GHYLDWLRQV�

Note: Integral B.dl Note: Sextupole
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)HHGEDFN�LQ�GHVLJQ�IURP�+(5$�H[SHULHQFH
$�0HWKRG�WR�$GMXVW�,QWHJUDO�)LHOG�DQG�6NHZ�4XDG

Iron laminations were successfully used in RHIC to adjust transfer function
saturation in different length magnets and to control skew quad in main dipoles.
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7KUHH�PDJQHWV�ZLWK�VLPLODU�DSHUWXUHV
7HYDWURQ��+(5$�DQG�5+,&

No Wedges (large higher order

 systematic harmonics expected).

S.S. Collars - Iron away from

coil (small saturation expected).

Tevatron Dipole

(76.2 mm bore)

HERA Dipole

(75 mm bore)

RHIC Dipole
(80 mm bore)

Wedges ( small higher order
harmonics expected).
Al Collars - Iron away from coil
(small saturation expected).

 Wedges ( small higher order
harmonics expected).
Thin RX630 spacers to reduce cost
- Iron close to coil (large saturation
from conventional thinking. But
reality opposite: made small with
design improvements).

Collars used in Tevatron and HERA dipoles have smaller part-to-part dimensional variation (RMS
variation ~10 µ) as compared to RX630 spacers (RMS variation ~50 µ) used in RHIC dipoles.
 Conventional thinking : RHIC dipoles will have larger RMS errors. But in reality, it was opposite.
Why? The answer changes the way we look at the impact of mechanical errors on field quality !

Consideration on systematic errors
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&RPSDULVRQ�RI�)LHOG�4XDOLW\�LQ�WKUHH
VLPLODU�DSHUWXUH�PDJQHWV

Standard deviation in Normal Terms at the Max. Field
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Standard deviation in Skew Terms at the Max. Field
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Tevatron HERA RHIC
Reference Radius (mm) 25.4 25 25
Coil Diameter (mm) 76.2 75 80

RHIC has lower sigmas (except for a2 where tevatron used smart bolts)
Lower Order Harmonics generally due to Construction Errors
Higher Order Harmonics generally due to Measurement Errors
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&RPSDULVRQ�RI�)LHOG�4XDOLW\�LQ
7HYDWURQ��+(5$�DQG�5+,&�GLSROHV

Tevatron HERA RHIC
Reference Radius (mm) 25.4 25 25
Coil Diameter (mm) 76.2 75 80

RHIC has lower sigmas (except for a2 where tevatron used smart bolts)
Lower Order Harmonics generally due to Construction Errors
Higher Order Harmonics generally due to Measurement Errors

(Large scale production of similar aperture magnets)

Standard deviation in Skew Terms at the Max. Field
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LOG SCALE

Standard deviation in Normal Terms at the Max. Field
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LOG SCALE

Here the normal and skew harmonics 
are presented in LOG scale.
They were shown earlier in linear scale.
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5HOD[DWLRQ�RI�7ROHUDQFHV

• Laminated collars have small random errors (5-10 micro) because of the way they are
made.

• In RHIC injection molded RX630 spacer had much larger random errors (~50 micron).

• Because of this one would have expected larger field errors (RMS) in RHIC magnets. Yet
the errors in RHIC were smaller than that in similar production (Tevatron and HERA).

• Implication: The tolerances in parts that are used in large numbers may be relaxed because
the influence of error gets reduced due to averaging and symmetry effects.
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(UURUV�LQ�0RGHUQ�0HDVXUHPHQW�6\VWHP

Summary of various contributions to measurement errors. The normal and
skew harmonics are indicated using the US notation (b1 = normal
quadrupole, etc.)

Harmonic Maximum
error due to
meas. coil

construction/
calibration

(units)

Effect of
thermal

cycle and/or
quench
(units)

Effect of
time

dependence,
at 5kA
(units)

Random
error in

measure-
ment

(units)

Total
expected

error
(units)

Suggested
value of total
measurement
uncertainty

(units)

b1 0.011 0.006 0.0 0.061 0.078 0.10

b2 0.085 0.203 0.1 0.033 0.420 0.50

b3 0.004 0.009 0.0 0.012 0.026 0.05

b4 0.022 0.044 0.0 0.004 0.071 0.10

b5 0.002 0.012 0.0 0.003 0.016 0.02

b6 0.012 0.005 0.0 0.002 0.019 0.02

b7 0.001 0.000 0.0 0.001 0.003 0.02

b8 0.009 0.003 0.0 0.001 0.013 0.02

b9 0.001 0.004 0.0 0.001 0.006 0.02

b10 0.020 0.001 0.0 0.001 0.022 0.05

b11 0.000 0.002 0.0 0.001 0.003 0.02

b12 0.009 0.002 0.0 0.001 0.012 0.02

b13 0.003 0.002 0.0 0.002 0.006 0.02

b14 0.041 0.004 0.0 0.002 0.047 0.05

a1 0.046 0.388 0.0 0.043 0.477 0.50

a2 0.019 0.000 0.0 0.015 0.034 0.05

a3 0.019 0.027 0.0 0.010 0.056 0.10

a4 0.006 0.002 0.0 0.005 0.013 0.02

a5 0.010 0.009 0.0 0.004 0.023 0.05

a6 0.004 0.000 0.0 0.002 0.006 0.02

a7 0.004 0.001 0.0 0.002 0.006 0.02

a8 0.001 0.006 0.0 0.001 0.008 0.02

a9 0.001 0.001 0.0 0.001 0.003 0.02

a10 0.001 0.001 0.0 0.001 0.003 0.02

a11 0.001 0.001 0.0 0.001 0.003 0.02

a12 0.001 0.008 0.0 0.001 0.010 0.02

a13 0.002 0.001 0.0 0.002 0.005 0.02

a14 0.004 0.008 0.0 0.002 0.014 0.02

A. Jain and P. Wanderer, BNL

Standard deviation in Normal Terms at the Max. Field
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hera s ig(bn)
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9HU\�6PDOO�0HDVXUHPHQW�(UURUV�LQ�5+,&

Shows that errors in the measurement syste can be
so small that it need not limit the expected or
measured field harmonics in modern magnets.
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'LIIHUHQW�6L]H�&DEOH��ZLWKLQ�VSHF�
IURP�7ZR�'LIIHUHQW�9HQGRUV

Specifications : +/- 0.25 mil (6.5 micron); 0.5 mil variation (13 micron)

Two vendors gave cable
which differ systematically
(but within specifications)
by ~ 0.35 mil
(however, had a small RMS)

27 turns =>  9 mil (0.24 mm)
much larger than desired.

A flexible design
accommodated it!

5+,&�����PP�,QVHUWLRQ�4XDG
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)OH[LEOH�'HVLJQ
�$GMXVWPHQW�LQ�E

��

'XULQJ�3URGXFWLRQ�LQ�4��
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b5 Errors before Tuning Shims b5 Errors after Tuning Shims

Design#1

Design #3

Design#2

Design#4

���'HVLJQ�&KDQJHV��ODUJH��'XULQJ�3URGXFWLRQ
���7KH�0DJLF�RI�7XQLQJ�6KLPV
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6DWXUDWLRQ�LQ�5+,&�$UF�'LSROHV

In RHIC iron is closer to coil and
contributes ~ 50% of coil field

3.45 T (Total) ~ 2.3 T (Coil)
+ 1.15 (Iron)

Initial design had bad saturation

(as expected from conventional wisdom),
but a number of developments made the
saturation induced harmonics nearly zero!

Only full length magnets are shown.

Design current is ~ 5 kA (~3.5 T)

Current Design

First Design

First Design
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6DWXUDWLRQ�&RQWURO�LQ�5+,&�'LSROHV
9DULDWLRQ�LQ�_%_�LQ�,URQ�<RNH

• Compare azimuthal variation in |B| with and without saturation control holes.
Holes, etc. increase saturation in relatively lower field regions; a more uniform
iron magnetization reduces the saturation induced harmonics.

• Old approach: reduce saturating iron with elliptical aperture, etc.

• New approach: increase saturating iron with holes, etc. at appropriate places.

With out holes
With holes
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$YHUDJH�)LHOG�(UURUV�RQ�;�D[LV

At Injection Energy
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• Warm-Cold correlation have been used in estimating cold harmonics in RHIC dipoles (~20% measured cold and rest warm).

• Harmonics b1-b10 have been  used in computing above curves.

• In Tevatron higher order harmonics dominate, in HERA persistent currents at injection. RHIC dipoles have small errors over entire range.

At Top Energy

-0.0005

-0.0004

-0.0003

-0.0002

-0.0001

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

-80 -60 -40 -20 0 20 40 60 80

Percentage of Coil Radius

d
B

y/
B

o

<RHIC>

<HERA>

<Tevatron>

axis

COIL ID : RHIC 80 mm, HERA 75 mm, Tevatron 76.2 mm
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/HVVRQV�/HDUQW�IURP�WKH�5+,&�'LSROH�3URGXFWLRQ

• Reduction in random errors despite
RX630 spacers with a larger dimensional
variations. Symmetry and averaging
reduce the effect of errors.

• Improvements in coil manufacturing
and measurements system also played a
major role.

• Small current dependence in harmonics
despite the close-in iron.

• Small systematic and shown that it can
be controlled during large production.

��6XFK�D�JRRG�ILHOG�TXDOLW\�PHDQV
WKDW�WKH�FRUUHFWRU�PDJQHWV�DUH
127�OLNHO\�WR�EH�QHHGHG�LQ�5+,&
IRU�FRUUHFWLQJ�ILHOG�HUURUV�LQ�DUF
GLSROHV�

7KH�VH[WXSROH�PDJQHWV�ZLOO�EH
XVHG�IRU�SHUVLVWHQW�FXUUHQW
LQGXFHG�E

�

�DQG�IRU�RWKHU�EHDP
G\QDPLFV�SXUSRVH��FKURPDWLFLW\
FRUUHFWLRQ���PD\�DOVR�EH�XVHG�IRU
UHPRYLQJ�D�UHODWLYHO\�VPDOO
UHVLGXDO�E

�

��
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5+,&�����PP�$SHUWXUH�,QVHUWLRQ�'LSROH�
7KH�ILUVW�PDJQHW�JHWV�WKH�ERG\�KDUPRQLFV�ULJKW
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Field Error Profile on the midplane at an Intermediate Field

Geometric Field Errors on the X-axis of DRZ101 Body

First magnet and first attempt in RHIC 100 mm aperture insertion dipole 
A number of things were done in the test assembly to get pre-stress & harmonics right

Harmonics at 2 kA (mostly geometric).
Measured in 0.23 m long straigth section.

Reference radius = 31 mm
b1 -0.39 a2 -1.06
b2 -0.39 a3 -0.19
b3 -0.07 a4 0.21
b4 0.78 a5 0.05
b5 -0.05 a6 -0.20
b6 0.13 a7 0.02
b7 -0.03 a8 -0.16
b8 0.14 a9 -0.01
b9 0.02 a10 0.01
b10 -0.04 a11 -0.06
b11 0.03 a12 -0.01
b12 0.16 a13 0.06
b13 -0.03 a14 0.03
b14 -0.10 a15 0.02

All harmonics are within or close 

to one sigma of RHIC arc dipoles.

Note: Field errors are within 10-4 at 60% of coil radius and ~4*10-4 at 80% radius.

Later magnets had adjustments for integral field and saturation control. 

The coil cross-section never changed.
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$YHUDJH�)LHOG�HUURUV�a����

XS�WR�����RI�WKH�FRLO�UDGLXV

At Intermediate Energy
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Geometric Field Errors on the X-axis of RHIC DRZ magnets (108-125)
Coil Cross section was not changed between prototype and production magnets 
A Flexible & Experimental Design Approach Allowed Right Pre-stress & Right Harmonics 

Estimated Integral Mean in Final Set
(Warm-cold correlation used in estimating)

Harmonics at 3kA (mostly geometric)
Reference radius is 31 mm (Coil 50 mm)

b1 -0.28 a1 -0.03
b2 -0.26 a2 -3.36
b3 -0.07 a3 0.03
b4 0.15 a4 0.48
b5 0.00 a5 0.04
b6 0.32 a6 -0.24
b7 0.00 a7 0.01
b8 -0.08 a8 0.05
b9 0.00 a9 0.00
b10 -0.12 a10 -0.02
b11 0.03 a11 -0.01
b12 0.16 a12 0.06
b13 -0.03 a13 0.03
b14 -0.10 a14 0.02

*Raw Data Provided by Animesh Jain at BNL

*Field errors are 10-4 to 80% of the aperture at midplane.*
(Extrapolation used in going from 34 mm to 40 mm; reliability decreases)

Small systematic due to advances in design

Note: No R&D Prototype magnet program.
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7XQLQJ�6KLPV�IRU������)LHOG
4XDOLW\�DW�����RI�FRLO�UDGLXV

Basic Principle of Tuning Shims:
Magnetized iron shims modify the magnet harmonics.

Eight measured harmonics are corrected by adjusting the amount of iron in eight Tuning Shims.

Tuning Shim

Procedure for using tuning shims in a magnet:

1. Measure field harmonics in a magnet.

2. Determine the composition of magnetic iron (and
remaining non-magnetic brass) for each of the eight tuning
shim. In general it would be different for each shim and for
each magnet.

3. Install tuning shims. The tuning shims are inserted
without opening the magnet (if the magnet is opened and
re-assembled again, the field harmonics may get changed
by a small but a significant amount).

4. Measure harmonics after tuning shims for confirmation.

GOAL : Make field errors in magnets much smaller than that is possible from the normal tolerances.

Iron
Brass
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)LHOG�4XDOLW\�,PSURYHPHQWV�ZLWK�7XQLQJ�6KLPV
�6NHZ�+DUPRQLFV�

Mean Standard Deviations

n Befo r Shim(W) Afte r Shim (W) Afte r Shim (5kA) Befo r S him(W) Afte r S him (W) Afte r S him (5kA)

2 0.77 0.08 -0.02 2.04 0.26 0.65
3 -0.43 -0.05 -0.04 0.84 0.26 0.30
4 -0.07 -0.36 0.07 0.45 0.33 0.22
5 0.04 0.11 0.10 0.24 0.28 0.11
6 0.05 -0.03 0.12 0.14 0.09 0.22
7 -0.02 0.00 -0.01 0.08 0.05 0.08
8 0.02 0.11 -0.03 0.04 0.06 0.05
9 0.10 0.01 0.11 0.05 0.02 0.06

<an> (n=2 is sextupole) σ(an)
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8OWLPDWH�)LHOG�4XDOLW\�LQ�6&�0DJQHWV

A magnet properly designed with
“Tuning Shims” should theoretically
give a few parts in 105 harmonics at 2/3
of coil radius ( i.e. practically zero).

Animesh Jain at BNL found changes in
harmonics between two runs in RHIC
insertion quadrupoles.

First thought that the changes were
related to the tuning shims.

/DWHU��DQ�H[SHULPHQWDO�SURJUDP

IRXQG�WKDW�WKH�KDUPRQLFV�FKDQJH

DIWHU�TXHQFK�DQG�WKHUPDO�F\FOHV

LQ�RWKHU�PDJQHWV�DOVR��7KHVH

FKDQJHV�SHUKDSV�SXW�DQ�XOWLPDWH

OLPLW�RQ�ILHOG�TXDOLW\�

&KDQJHV�PD\�EH�VPDOOHU�LQ�PDJQHWV

PDGH�ZLWK�6�6��FROODUV�

Harmonic Changes during Quench and Thermal Cycles 
Magnets : QRK101/102; All Runs (DC loops at 3 kA)
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(In tuning shim runs, the harmonics are made zero to the first warm run)

Harmonic Changes during Quench and Thermal Cycles 
Magnets : QRK101/102; All Runs (DC loops at 3 kA)
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)LHOG�4XDOLW\�LQ�&RPPRQ�&RLO�'HVLJQ

• Geometric harmonics
– an inherent up-down asymmetry both in the body and in the ends

• A proof of principle solution that overcomes this asymmetry.

=> A field quality comparable to cosine theta designs by using a similar
amount of conductor.

6KRXOG�UHPRYH�WKH�DJH�ROG�FRQYHQWLRQDO�ZLVGRP�WKDW�´EORFN
GHVLJQVµ�XVH�PRUH�FRQGXFWRU�WKDQ�WKH�´FRVLQH�WKHWD�PDJQHWVµ�

�:H�MXVW�KDYH�WR�RSWLPL]H�WKH�GHVLJQ�D�ELW�PRUH�FDUHIXOO\��

• Saturation induced harmonics

• Persistent current induced harmonics
- could be a serious problem in Nb3Sn magnets. 

• The proposed solution brings major savings as a bonus.
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&RPPRQ�&RLO�'HVLJQ

• Simple 2-d geometry with large
bend radius (no complex 3-d ends)

• Conductor friendly suitable for
brittle materials (Nb3Sn, HTS,
etc.) and React & Wind coils

• Compact (compared to single
aperture D20 magnet, half the
yoke mass for two apertures)

• Block design (for large Lorentz
forces at high fields)

• Efficient and methodical R&D
due to simple & modular design

• Minimum requirements on big
expensive tooling and labor

• Lower cost magnets expected

Beam #1

Beam #2

Coil #2

B

B

-

+

+

Coil #1 -

Coil #2

BNL Drawing

Main Coils of the Common Coil Design
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)LHOG�4XDOLW\�2SWLPL]DWLRQ�LQ�&RPPRQ�&RLO�'HVLJQ
�0DJQHW�%RG\��*HRPHWULF�

All geometric harmonics

< 0.2 parts in 104 at 10 mm.

Harmonics at 10 mm at 1.8 T in 10-4 units
(b2 is sextupole)
Typical accelerator requirements: ~ 10-4

N SKEW(an) NORMAL(bn)

1 -0.01 0.00
2 0.00 0.00
3 0.01 0.00
4 0.00 0.04
5 0.02 0.00
6 0.00 0.05
7 0.01 0.00
8 0.00 -0.17
9 0.00 0.00
10 0.00 -0.03
11 0.00 0.00
12 0.00 0.00
13 0.00 0.00
14 0.00 0.00

A Proof of Principle Design

(still comparable to or better than

similar cosine theta designs)

ROXIE for real optimizations
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)LHOG�4XDOLW\�2SWLPL]DWLRQ�LQ�&RPPRQ�&RLO�'HVLJQ
�0DJQHW�%RG\��<RNH�6DWXUDWLRQ�
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Iron saturation
(comparable to cosine theta designs)

A Proof of Principle Design

(still comparable to or better than

similar cosine theta designs)

ROXIE for real optimizations

A Compact Design (lower cost) 15 T 4-in-1 dipole. 

2.4 times smaller than single aperture 13.5 T D20; 

1.4 times smaller than dual aperture 9-10 T LHC 
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)LHOG�4XDOLW\�2SWLPL]DWLRQ�LQ�WKH
&RPPRQ�&RLO�'HVLJQ��0DJQHW�(QGV�

By 10 mm above and below midplane on magnet axis
(original ends, no spacer, large up-down asymmetry)

0

1

2

3

4

5

6

200 250 300 350 400 450 500
Z(mm)

B
y(

T
)

Above midplane 
(Integral=0.768 Tesla meter)

Below midplane 
(Integeral By.dl = 0.839 Tesla.meter)

By 10 mm above and below midplane on magnet axis
(ends optimized with one spacer to match integral)
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(Integral By.dl=0.9297 Tesla meter)
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(Integeral By.dl = 0.9297 Tesla.meter)

Up-down asymmetry gives large skew
harmonics if done nothing. Integrate By.dl
10 mm above and 10 mm below midplane.

Up-down asymmetry can be compensated with
end spacers. One spacer is used below to match
integral By.dl 10 mm above & below midplane.

Proof of principle that
it can be removed

An up-down asymmetry in
the ends with “no spacer”

Computer code ROXIE
(developed at CERN)
will be used to
efficiently optimize
accelerator quality
magnet design.

Young Post-doc
(Suitbert Ramberger).

A large Bz.dl in two ends
(~1 T.m in 15 T magnet).

• Is it a problem?

• Examine AP issues.

• Zero integral.

• Lead end of one magnet
+ Return of the next
magnet will make it
cancel in about ~1meter
(cell length ~200 meters).

• Small v X B.
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3HUVLVWHQW�&XUUHQW�LQGXFHG�+DUPRQLFV
�PD\�EH�D�SUREOHP�LQ�1E

�
6Q�PDJQHWV��LI�QRWKLQJ�LV�GRQH�

Nb3Sn superconductor, with the technology under use now, is expected to generate persistent current-
induced harmonics which are a factor of 10-100  worse than those measured in Nb-Ti magnets.

In addition, a snap-back problem is observed when the acceleration starts (ramp-up) after injection at
steady state (constant field).

Measured sextupole 

harmonic in Nb-Ti magnet

Measured sextupole 

harmonic in Nb3Sn magnet
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3HUVLVWHQW�&XUUHQW�LQGXFHG�+DUPRQLFV
7UDGLWLRQDO�VROXWLRQ��ZRUN�RQ�WKH�VXSHUFRQGXFWRU

Garber, Ghosh and Sampson (BNL)

Measured magnetization
Persistent current induced magnetization :

Problem in Nb3Sn Magnets because

(a) Jc is higher by several times

(b) Effective filament diameter is larger

by about an order of magnitude

Conductor solution:
Reduce effective filament diameter.

A challenge; in some cases it also reduces Jc.
Note: Iron dominated magnets

don’t have this problem.
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$�&RPPRQ�&RLO�0DJQHW�6\VWHP�IRU�9/+&
$OWHUQDWH�VROXWLRQ��ZRUN�RQ�WKH�PDJQHW�GHVLJQ��(OLPLQDWHV�+(%

Inject here at low field and 

accelerate to medium field 

Transfer here at medium field 
and accelerate to high field

Iron dominated aperture
Good at low field (0.1-1.5T)

Conductor dominated aperture
Good at high field (1.5-15T)

Compact size

A 4-in-1 
magnet for 

a 2-in-1 
machine

Iron yoke

Superconductor
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6XPPDU\�DQG�&RQFOXVLRQV

*�7KLV�WDON�SUHVHQWHG�DQ�XQGHUVWDQGLQJ�RI�ILHOG�TXDOLW\�DQG�D�VDPSOH�RI�D�IHZ
WHFKQLTXHV��LQ�UHDOLW\�D�ORW�PRUH�ZDV�GRQH���ZKLFK�KDYH�EURXJKW�D�VLJQLILFDQW��ERWK
LQ�D�TXDOLWDWLYH�DQG�LQ�D�TXDQWLWDWLYH�ZD\��DGYDQFHV�LQ�DFFHOHUDWRU�PDJQHWV�
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ZLVGRP��ZRUNHG�ZHOO�EHFDXVH�RI�D�V\VWHPDWLF�DQG�H[SHULPHQWDO�SURJUDP�
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